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ABSTRACT

The scientific research that has become the subject of
consideration in this article is related to assessment of the
influence of geophysical factors on sustainable functioning of
transport systems and the system analysis of their impact on the
transport infrastructure at the Arctic latitudes. The research is
a new direction in the field of study of operational reliability of
transport systems and scientific support for development of
transport infrastructure in the Russian Arctic.

The paper touches upon the issues of reliability and possible
failures of technical equipment under the influence of space
weather, and also discusses multifaceted problems of safety and
efficiency of development of transport systems considering new
data on the structure and properties of the lithosphere referring

Anatoly A. SOLOVIEV

Alexey D. Gvishiani’, Igor N. Rozenberg?, Anatoly A. Soloviev’
3 Geophysical Centre of the Russian Academy of Sciences, Moscow, Russia.

1.3 Schmidt Institute of Physics of the Earth of the Russian Academy of Sciences, Moscow, Russia.

to thawing of permafrost and mineral deposits. A separate section
is devoted to new information on seismic activity and seismic
hazard assessment in areas of operation and promising
development of the transport infrastructure of the Arctic zone of
the Russian Federation (AZRF).

Intellectual accounting and generalisation of the obtained
interdisciplinary results together with their visualisation are
provided by geoinformatics methods. The paper presents also
the results of adoption of modern geodatabase management
systems, of the application of modern technologies of geoportals
and interactive spherical visualisations for qualitative
presentation of new geophysical knowledge obtained in the
course of research.
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INTRODUCTION

The active development of the Russian Arctic
in the 21* century is inevitably associated with
widespread involvement of high technologies.
Such technologies, first, are necessary for stable
development of industry and transport in hard-
to-reach regions and under extreme climatic
conditions inherent in the Arctic region. However,
being resilient to these natural factors, complex
technological systems often become sensitive to
other natural risks.

For example, extended power lines (PL) and
pipelines in high-latitude areas effectively cope
with low temperatures, confidently performing
their functions over vast areas. At the same time,
their sustainable functioning is threatened by
extreme manifestations of space weather. The
latter can lead to excessive loads on electric
power systems and installations that provide
anti-corrosion protection of pipelines, up to their
complete failure. Thus, besides climate change
[1], anumber of purely geological and geophysical
factors should be taken into account both for
sustainable operation of existing high-tech
systems in the Arctic, and when planning further
development of these infrastructures in still
insufficiently developed regions.

The modern technological society is
a complex interweaving of dependencies and
interdependencies between several of its critical
infrastructures [2]. As technological
infrastructures become more complex, any major
disruption to one of them can have wide-ranging
consequences for others and lead to interdependent
failures [3]. The impact on these interdependent
infrastructures can last for several years with
a probability of manifestation of significant social
and economic impacts [4; 5].

The development of transport infrastructure
is of critical importance for both partial and full-
scale development of the Arctic zone of the
Russian Federation (AZRF). This is also
emphasised by the «Strategy for development of
the Arctic zone of the Russian Federation and
ensuring national security for the period until
2035, approved by Decree of the President of
the Russian Federation of October 26, 2020, No.
645. Besides other points, this strategy provides
for a significant development of transport
infrastructure in a number of northern regions of
Russia, which includes construction of new
railways, interregional roads and airports,
creation of waterways, taking into account plans
for development of the mineral resource base and

ensuring the connectivity of seaports with the
country’s inland territories. The integrated,
interconnected, and systemic development of the
infrastructure of maritime, air, rail and road
transport in the Russian Arctic implies an
intensive build-up of systematic fundamental and
applied research in the interests of studying and
developing the Arctic, considering the extreme
natural and climatic features of the region.
Scientific support for development of transport
systems involves a system-analytical
consolidation of the efforts of experts of various
geophysical and related areas, such as
geomagnetism [6; 7], seismology, climatology,
geotectonics, geoinformatics, etc. Effective
intellectual accounting and generalisation of the
obtained interdisciplinary results are provided
through system analysis.

In this paper, the authors intend to focus on
several important geological and geophysical
results. Each of them individually and all of them
on the whole are of critical importance and
require undoubted consideration for the purposes
of operation and development of transport
infrastructure in the Russian Arctic. The first
section presents the results of assessment of the
negative impact of space weather on operation
of modern railway signalling electronics, power
supply, and positioning and navigation accuracy.
The second section presents new results on the
study of large geological structures and
sedimentary basins. The latter may be associated
with hydrocarbon deposits, as well as other
important geophysical characteristics of the
Arctic lithosphere. The third section provides
new important information about the seismic
activity of the Russian Arctic. The fourth section
contains the results in the field of geoinformatics,
obtained by integrating new data in a single
environment in three listed areas. This opens up
the possibility of complex processing, system
analysis and visualisation of the obtained
geophysical results. The conclusions are
presented in the final section of the article.

Scientific research, which has become the
subject of this article, is a new direction in the
field of operational reliability of transport
systems. The most pressing issues for transport —
reliability and safety, have been repeatedly
considered in various aspects in many publications
of the World of Transport and Transportation
journal. But the influence of geophysical factors
on sustainable functioning of transport systems,
a systematic analysis of their impact on the
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transport infrastructure in the Arctic are presented
for the first time.

RESULTS
1. Influence of space weather on functioning
of transport and auxiliary engineering
systems at the high latitudes of the Russian
Federation
1.1. The impact of geomagnetic activity on
failures in operation of railway signal
automation

Space weather is mainly determined by solar
flares, coronal mass ejections, high-speed plasma
flows from solar holes that cause geomagnetic
storms and substorms. The total amount of energy
released during a medium-intensity magnetic
storm is about 1400 GW, which is almost twice
the capacity of all US power plants. Long-
distance infrastructure networks, such as railways
located at high latitudes, are affected by
geomagnetic disturbances [8; 9]. During
geomagnetic storms, the Earth’s magnetic field
can change rapidly and strongly over time, which
provokes the appearance of an electric potential
difference of up to several volts per kilometer,
which in turn leads to the appearance of
geomagnetically induced currents (GIC) in
extended conductors. GIC can have a significant
impact on operation of engineering systems.
From a railway safety point of view, the most
important systems that can be affected by GIC
are signalling and traffic control systems [10].
During strong geomagnetic disturbances, cases
of short-term (1-2 minutes) false occupancy of
tracks are observed, which can be repeated for
3—4 hours [11]. The occurrence of signal
anomalies is explained by induced currents in
the earth during strong geomagnetic storms.
Under these conditions, the natural electric field
is strong enough to reduce the operating voltage
across the relay. Depending on the direction of
the GIC in the rails, both a false red light can
light up when the track is free (any direction of
GIC), and a false green light can light up when
it is occupied (GIC with the opposite sign). Of
course, the false green light is the most dangerous.

Historically, the first reported event associated
with a railway signalling failure was the New
York Railroad Storm on May 13, 1921 [12].
A storm of exceptional strength occurred in the
fourth year after the maximum of the 15" solar
cycle [13]. The prelude of this magnetic storm
was a double flash on the limb of the Sun, visible
even to the naked eye [14]. As an example of

modern incidents, let’s take a storm in July 1982,
when failures in operation of railway automation
were noted in southern Sweden [15]. The
magnetic storm of July 13—14, 1982 developed
against the background of a decline in the solar
cycle and reached a maximum of Dst =-325 nT.
During development of the disturbance on the
Swedish Railways, there were problems with
light signalling: the signal traffic light switched
between red and green light for no apparent
reason.

In Russia, studies of the relationship between
anomalies in operation of railway signalling and
geomagnetic disturbances began relatively
recently [16]. So, in [10; 17; 18] the statistical
relationship between the level of geomagnetic
activity and duration of failures in operation of
automation systems of the East Siberian Railway
in 2004 were studied. It was shown that the total
daily duration of anomalies not associated with
mechanical damage and meteorological causes
on all sections of the road varies in accordance
with development of a geomagnetic storm. This
duration increases three times when the peak of
geomagnetic activity is reached and correlates
with the local index of geomagnetic activity.
Thus, during strong storms, an increase in the
number of disruptions is observed even at middle
latitudes.

When analysing failures in operation of
signalling systems on the Northern Railway [11],
it was revealed that almost every strong
geomagnetic storm out of 16 analysed was the
cause of anomalies in operation of signal
automation. The distribution of registered
anomalies per local time slots obtained in the
work is consistent with known distributions of
the periods of GIC development [19; 20].
Failures in operation of automation systems, in
particular, false alarms of traffic lights, were
associated with induction of an electric field on
rails across the track, which could cause an
imitation of a passed locomotive. Analysing
failures in operation of the signal automation of
the Northern and Oktyabrskaya Railways for
2009-2010 (the 23" cycle of solar activity), the
authors of [21] found that anomalies in operation
of automation systems develop almost
synchronously and in close connection with
excitation of significant geoelectric fields.

To clarify the regularities in manifestation of
the impact of geomagnetic disturbances on
operation of railway automation and to find ways
to limit the impact, it seems appropriate to study
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Pic. 1. The considered section of Oktyabrskaya railway (yellow dotted line) and the location of Lovozero magnetic station (IAGA code LOZ, red)
in Murmansk region [prepared with participation of the authors].

in detail anomalies in operation of automation
and signalling systems in sections of railway
networks located primarily in the Arctic and
subarctic zones. In this regard, an extensive
archive of log records of logged failures in
operation of railway automation was analysed at
the section of Oktyabrskaya railway from the
station Kandalaksha (67.15° N) to the station
Nickel-Murmansky (69.4° N) for 2001-2006
(Pic. 1). The archive contained information on
more than 1800 records, and such a volume of
information about failures was analysed for the
first time [22].

In the archive, for some events, the reason
was indicated, for some — not. The reasons
indicated in the reports and records of the railway
services, as a rule, were associated with breaks,
shocks, and mechanical breaks in cables, with
meteorological reasons (ice and sand getting into
the turnout switches), with intervention of
unauthorised persons, that is, they were obviously
not caused by geomagnetic factors. For
a thorough statistical analysis, the entire archive

was divided into the following three categories
of events:

1. Periods without failures lasting more than
1 day.

2. Failures without an obvious external cause.

3. Failures with an indication of the cause
(most often mechanical damage, meteorological
reasons or interference by unauthorised persons).

It was a priori assumed that failures with no
apparent external cause (Category 2) were more
likely to be caused by space weather disturbances.
Interruption periods were compared with
different types of geomagnetic disturbances using
four independent statistical tests based on
different principles. Geomagnetic disturbances
were estimated using the geomagnetic indices of
auroral activity AE and interplanetary magnetic
cloudiness EI, as well as the spectral density of
Pc5 type geomagnetic pulsations recorded at the
nearby Lovozero magnetic observatory (IAGA
code LOZ, Murmansk region, Pic. 1). The
analysis showed that the probability of occurrence
of failures increases with the level of geomagnetic
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Pic. 2. Frequency of failures of category 1, 2 and events of all three categories (upper graph), AE and El geomagnetic indices
(middle graph), and spectral density of Pc5-type geomagnetic pulsations recorded at LOZ magnetic station for the period
July-December 2005 [prepared with participation of the authors].

activity. At the same time, integral values of
geomagnetic indices over 2—4 days turn out to
be significant, which corresponds to the average
duration of geomagnetic storms. Another
important result was that category 3 failures, the
cause of which was clearly indicated in the
archive, do not show differences in the statistical
relationship with geomagnetic activity. Possible
explanations for this can be both technical factors
associated with inaccuracies in the description
of the causes, and physical factors associated
with the indirect influence of geomagnetic
activity through the weather. Pic. 2 shows graphs
of variability of geomagnetic activity and the
frequency of failures of railway signal automation
for July-December 2005. The graph clearly
shows the coincidence of all maxima of auroral
activity and local geomagnetic disturbance with
the maxima of frequency of anomalous events.
The analysis of the GIC amplitude (e. g., [23;
24)) and failures on the railway shows that the
source of the strongest disturbances is the auroral
oval, namely, the region of discrete precipitation,
which gravitates closer to the equatorial boundary
ofthe oval. It is important to note that the stronger

is the geomagnetic disturbance, the lower are the
latitudes to which the auroral zone shifts. Thus,
the critical problem is the possibility of predicting
the position of the oval and auroral precipitation.
In this regard, an online service for short-term
forecasting of intensity and spatial distribution
of auroras was developed (Pic. 3). The input
parameters are real-time data from interplanetary
satellites located at L1 libration point, which
provides a forecast with a horizon of 30—70 min.
The developed system is based on the empirical
mathematical model OVATION-Prime [25],
which establishes statistical relationships
between the parameters of the solar wind, the
interplanetary magnetic field, and auroral particle
fluxes. It has been shown that the proportion of
confirmed aurora forecasts is more than 86 %
[26; 27].

1.2. Exposure of global satellite navigation
systems in the auroral region to geomagnetic
activity

Transport relies heavily on availability of
other critical infrastructures such as power,
signalling, communications and navigation
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Pic. 3. An example of modelling the position of the auroral oval and the intensity of auroras online (http:/aurora-forecast.ru).

systems for operations and positioning, and
previous research has shown that these
technologies can be disrupted during space
weather. Due to introduction of digital
technologies in railways, such as big data [28],
service 4.0 [29], the Internet of things (IoT) [30],
cyber-physical systems [31], there may also be
failures in operation of other digital electronic
equipment [32]. Thus, technological advances
have increased the risk of adverse effects caused
by a solar storm. Let us dwell in more detail on
the impact of space weather on satellite navigation
systems.

Global navigation satellite systems (GNSS)
use signal transmission in the range from units
to tens of GHz from a magnetospheric satellite.
The region of the magnetosphere where the
maximum number of navigation satellites is
concentrated includes the geostationary orbit
(distance to the center of the Earth 6,6R,, where
R, is the radius of the Earth) and lower orbits.
The satellite electronics itself is exposed to fast
charged particles, primarily the electrons of
radiation belts, and can be damaged during sharp
increases in electron fluxes. But the number of
navigation satellites is currently so high that
damage or even loss of one of the satellites can
only slightly affect the quality of navigation in
most areas. Nevertheless, the question of the
increase in the error associated with a decrease
in the number of satellites for a particular
receiving point requires a separate study, as well
as modelling the loss of a signal from several
satellites simultaneously under conditions of
extreme increases in the electron flux. Modern
navigation systems are based on the use of
several systems, including GNSS: GPS (USA),

GLONASS (Russian Federation), Galileo
(European Union), BeiDou/Compass (PRC).

In the autonomous navigation mode, the
positioning error is a few meters. Let us consider
the physical mechanisms of the influence of
space weather disturbances on accuracy of the
navigation signal reception. With all the variety
of effects, they fit into the following main groups:

1. Deterioration of the signal-to-noise ratio
due to natural noise in the operating range of the
emitter.

2. Damage to the transmitting equipment by
streams of fast charged particles.

3. Disturbances on the propagation path from
the transmitter to the receiver, primarily due to
ionospheric inhomogeneities.

The source of the first group of distortions is
the increase in the flux of solar radio emission
during flares. Damage to equipment on
magnetospheric satellites whose orbit lies inside
the Earth’s magnetosphere is associated with
increases in fluxes of fast charged particles of
both solar and magnetospheric origin. The
maximum amplitudes of ionospheric
inhomogeneities are associated with the zone of
auroras and, above all, their discrete forms.

Thus, possible cosmic sources of errors in
operation of navigation equipment are associated
with solar flares, solar proton, and electron
events, increases in fast electron fluxes in the
magnetosphere, and powerful auroral
disturbances. The effects associated with charged
particles and ionospheric inhomogeneities are
most pronounced during strong magnetic storms,
when not only the disturbance amplitudes
increase, but the disturbance maximum shifts to
the mid-latitude region [33].
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Pic. 4. Examples of consistent positioning error variations in
longitude (top) and altitude (bottom) at SVTL base station (60.50
N, 290 E, Leningrad region) and magnetic field variations at NUR

station (60.50 N, 25.50 E, Finland) during the time of the main (left)
and recovery (right) phases of the magnetic storm on May 12, 2021.

The amplitude of the magnetic field variations is normalised by the
amplitude of the displacement variations [performed by the authors].

The sun is a source of electromagnetic
radiation in a wide range of wavelengths,
including the frequency range of GNSS signals
(1-2 GHz). This leads to a deterioration in the
signal-to-noise ratio when receiving a signal from
the satellite. Statistical analysis of the effect of
solar flares on the signal-to-noise ratio showed

that receivers operating at L2/L5 frequencies are
the most vulnerable, and the signal quality at L1
frequency changes little [34]. At the same time,
an increase in the number of satellites for this
type of interference does not lead to a significant
improvement in the situation, since an increase
in noise associated with a flare affects all visible
satellites simultaneously [35]. A significant
improvement in the signal-to-noise ratio occurred
due to an increase in the power of the useful
signal on new generations of satellites, which
makes it possible to maintain operability for
flares with a radio flux exceeding 20000 units,
which are observed from 1 to several times
a year, depending on the phase of the solar cycle
[34]. A comparative analysis of the effect of flares
in 2011 and 2017, performed in [36], showed
a significant weakening of the effect of solar radio
flares for new, more powerful systems.

To test the hypothesis of the effect of
geomagnetic activity on geopositioning accuracy,
we used data from GNSS base stations in auroral
and subauroral latitudes. The time resolution was
30 s. Standard primary processing made it
possible to compensate for most of ionospheric
disturbances. For base stations, the number of
satellites in all cases was 15 or more. To test the
impact on accuracy of geopositioning, 4 groups
of days were selected according to the types of
geomagnetic disturbances, for which the
following codes were used:

1. lack of disturbance.

2. geomagnetic storms.

3. auroral substorms of high intensity.

4. solar radio flares.

To control the low magnetic activity (code
0), we considered days satisfying the following
conditions: the absence of solar radio flares, the
absence of magnetic storms with Dst<-50 nT
and missing the 4-day window before the storm,
and the absence of auroral disturbances with
AE>100 nT. For each disturbance, the most
probable geographic zone (minimum and
maximum latitudes and longitudes) of the
maximum effect was determined by its type and
onset time. In total, 38 events with code 0, 10
events with code 1, 38 events with code 2, and
5 events with code 3 were selected for 2020-
2023.

The analysis of the effect of space weather
disturbances on time scales from several minutes
to several hours showed that even for a base
station, after applying the differential correction
algorithm [37], in the apparent longitudinal and
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Pic. 5. Scheme of formation and flow of GIC in power lines [compiled with participation of the authors].

vertical displacements determined from the
GNSS, variations remain in the range of periods
of 5-20 minutes, coinciding in frequencies with
geomagnetic field variations at the nearest
magnetometric station. The amplitudes of these
variations for base stations vary within a few
centimeters (Pic. 4).

To use the results of signal analysis at the
base station in real applications, it is necessary
to solve the following tasks:

1. Consideration of the difference between
the actual number of satellites in place and at the
base station.

2. Obtaining data with a higher temporal
resolution to assess the possibility of applying
them to a moving object (for example, rolling
stock).

3. Exclusion of the differential correction
method used in standard data preprocessing in
the GNSS network, since it is aimed at geodesy
problems and maximally suppresses variations
within a day, which gives inconsistent results on
different time scales (between days 0.1-10 m,
within a day <102 m).

1.3. Impact of space weather
on electricity supply
Variations of geoelectric currents induced in
the surface layers of the earth’s crust are closed
through grounded energy systems, causing the
appearance of GIC [38; 39] (Pic. 5). In turn, GIC
leads to voltage drops, overheating of power
transformers and loss of reactive power in high-
voltage power lines [40]. Currently, GIC have
become a constant threat to high-tech societies
and pose a serious threat to regional high-voltage

electrical networks, many of which cross national
borders [41]. In order to transmit large amounts
of energy over long distances, more and more
extended power lines are being built. However,
such lines are particularly susceptible to large
GIC. This circumstance makes electrical
networks more and more susceptible to space
weather disturbances.

The dependence of the railway sector on the
electricity grid represents a critical vulnerability
due to its direct impact on the railway network,
but a power outage can also affect other systems
in the station. Other railway equipment that may
also be susceptible to GIC are roadside cables,
telecommunications and line circuits, standby
systems, batteries, condition monitoring systems,
point circuits in switching [42].

When studying the excitation of GIC in real
high-voltage lines, an important factor is
continuous recording of excited currents in
operating networks. In Russia, there is a system
of continuous registration of GIC in the main line
«Northern Transity, passing from the middle
latitudes to the Arctic zone. The system has been
operating for ten years, and the obtained data on
development of GIC at various levels of
geomagnetic disturbances make it possible to
estimate the possible values of GIC during
extreme disturbances. The maximum GIC values
in the transformer neutral reached 140 A at the
northernmost substation Vykhodnoy during the
event on June 29, 2013. The extremely large
value of current was determined by the nature of
the disturbance, the train of Ps6 type pulsations
during development of a strong substorm [43],
and the configuration of connection of power

®  World of Transport and Transportation, 2023, Vol. 21, Iss. 3 (106), pp. 154—182

Gvishiani, Alexey D., Rozenberg, Igor N., Soloviev, Anatoly A. Geophysical Processes
in the Arctic and the System Analysis of their Impact on Operation and Development

of the Transport Infrastructure




- DT oo

— e P TIEY

| = = M1y

(@

VEia g, .ot B B
Ery €18 Evg’ g2’ g’ g £ EW EM el

(b)

Pic. 6. Scheme of the Northern Transit power line on the Kola Peninsula: (a) location of its northern substation
Vykhodnoy (VKH), where GIC measurements are carried out; (b) location of nearby geomagnetic stations on the territory
of Russia and Finland [compiled with participation of the authors].

equipment at the substation during the indicated
period. With development of significant GIC in
the neutral of the transformer, quality of
electricity deteriorates significantly due to
generation of harmonics of the fundamental
frequency. It is the harmonics that can cause
disturbances in the thermal regime of the
transformer, disrupt operation of protective
relays, and interfere with operation of equipment
in networks of electricity consumers. To
influence operation of the transformer, it is
sufficient to excite GIC with an intensity of only
afewA.

The calculation of possible GIC levels during
typical and extreme magnetic storms, which can
be used by network operators to take the
necessary measures to reduce the risk of
catastrophic consequences, is an extremely
urgent task. Solving the problems of reducing
the risk of occurrence and reducing the
consequences of natural disasters does not come
down simply to the «engineering» application of
the results of space physics for calculating GIC
in technological systems, but also requires
elucidation of the physical nature of some
magnetospheric-ionospheric phenomena. An
effective prediction of GIC intensity and spatial
distribution requires a thorough study of various
types of trigger disturbances in the geomagnetic
field. Magnetic storms are the most studied
source of GIC. We conducted a study of GIC
generated outside the storm, which showed that
the most effective triggers are such auroral
disturbances as isolated substorms and
geomagnetic pulsations. To do this, we analysed
simultaneously the data of the GIC registration
system in the neutral of the transformer on the
Northern Transit power line (Kola Peninsula,

Republic of Karelia) (Pic. 6 (a)) and geomagnetic
measurements obtained at nearby geomagnetic
stations in Russia and Finland (Pic. 6 (b)), for
2014-2018.

As a result of the research, the following
factors were identified that affect the GIC-
efficiency of pulsations:

1. Spatial scale.

2. Shape of the spectrum.

3. Polarisation.

The analysis of data from several geomagnetic
stations makes it possible to study spatial
distribution of the pulsation field. It was shown
that the same amplitude and frequency of
perturbations can lead to different effects due to
different spatial scales of pulsations [44]. The
effect of spatial scale on GIC efficiency is clearly
illustrated in Pic. 7. It can be seen from the
picture that the ratio of GIC amplitude to the
pulsation amplitude increases with an increase
in the spatial scale of the pulsation field, which
preserves the amplitude and frequency.

It was also shown that the spectral
composition of ULF pulsations is a significant
efficiency factor in generation of GIC [45]. In
this regard, multiharmonic pulsations turn out
to be more efficient than single-harmonic
ones — in case of the former, the ratio of the
GIC amplitude to the pulsation amplitude is
one and a half times greater. Pic. 8 shows the
spectra of the eastern Y-component of the
pulsations and its time derivative at the top
right. The shape of both spectra has
a pronounced leading edge, which ensures the
efficiency of GIC generation. In this case, the
spectrum of the generated geoinduced current
(the graph on the bottom right) has an identical
shape. It is also important that disturbances in
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Pic. 7. Dependence of the ratio of the GIC amplitude to the pulsation amplitude on its frequency for different spatial scales of pulsations [44].
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Pic. 8. An example of an exact match between the temporal shape (left) and spectra (right) of geomagnetic field pulsations (top) and GIC (bottom). The
top right graph shows the perturbation spectra of the Y-component of the geomagnetic field and its time derivative m [45].
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Pic. 9. Scheme of remote registration of GIC in power
lines by differential method. P1 and P2 are the points
of location of magnetometers, the distances are given in meters
[compiled by the authors].

the geomagnetic field and in the GIC also
coincide in time (graphs on the left).

The analysed intervals of Pc5/Pi3 pulsations
recorded simultaneously in the geomagnetic field
and GIC showed that for a power line extended
in the meridional direction, the relationship
between the spectral power of geomagnetic
pulsations and GIC is stronger for the latitudinal
(Y) than for the meridional (X) component of the
geomagnetic field. This translates into both
a higher correlation coefficient and a larger linear
regression coefficient. In other words, the
transverse polarisation of pulsations with respect
to the strike of a power line has the greatest effect
on generation of GIC in it [21].

Based on the analysis of three selected
factors, it follows that, at high latitudes, oft-storm
pulsations with insignificant amplitudes are an
important source of potentially dangerous GIC
with amplitudes of several tens of A. Indeed, as
follows from Pic. 8, the maximum range of
pulsation amplitudes of only 25 nT leads to
generation of GIC with an amplitude of 10
A. Recall that 25 nT is the characteristic

(@

amplitude of the quiet daily variation of the
geomagnetic field at middle latitudes. The
duration of the investigated pulsations can reach
several hours. Such a long-term effect of GIC of
~10 A on the power supply system is statistically
more dangerous than single bursts of GIC of
~100 A in the neutral that occur during storms
and substorms.

1.4. Prototype of autonomous gradient
installation for remote registration of GIC

Direct measurements of current in the neutral
of transformers are technically complex, require
high costs and physical connection to the
transformer equipment, which is not always
possible. In this regard, remote methods for
detecting quasi-direct currents in high-voltage
power lines are extremely promising and in
demand for estimating the GIC value. This
method is currently being widely tested and
implemented around the world. The first
experiments were carried out in 2016 in South
Africa [46], and then the measuring installations
based on this method were installed and tested
in the UK, Spain, Portugal, and other countries
[47-50]. The idea of the method is to install two
three-component magnetometers in close
proximity to power lines. The first magnetometer
is installed under the line, and the second — at
a distance of 100 to 300 meters (Pic. 9).

The calculation of the difference between the
records of magnetometers makes it possible to
eliminate natural perturbations and obtain
variations in the total magnetic field vector from
direct current in the power line. Applying the
Biot-Savart law, which determines the induction
vector of the magnetic field generated by a direct
electric current [51], the direct current (GIC) in
a power line is calculated by the formula:

(b) (c)

Pic. 10. Observatory tests of sensors: field measurements of the field gradient (a), installation in the variation pavilion together
with a standard high-precision vector magnetometer (b), one of two magnetometers of the gradient installation (c) [authors’ photo].
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Pic. 11. Recordings of the eastern Y-component of the geomagnetic field with a gradient setup (blue [composite] curve, scale on the left, V) and
an observatory magnetometer (black [single-line] curve, scale on the right, nT) [prepared with participation of the authors].
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where B —measured field, R — distance to current
conductor.

We are developing an installation based on
the described method. Sensors based on
a microstrip resonator with a thin magnetic film
were chosen as magnetometers. At the magnetic
observatory of the State Center of the Russian
Academy of Sciences «Klimovskaya»,
Arkhangelsk region [52; 53], three-component
assemblies of these sensors were tested (Pic. 10).

A comparison of these sensors with the
standard set of magnetometric equipment of the
observatory confirmed that sensitivity and
accuracy of sensors are sufficient to measure the
currents that occur during the flow of medium
and strong geomagnetic disturbances (Pic. 11).
As mentioned above, potentially dangerous GIC
are characterised by short-period variations in
the horizontal components of the magnetic field
from 10 nT. Currently, a field version is being
developed for testing in real conditions on the
Northern Transit power line (Republic of Karelia
and Murmansk region), equipped with a GIC
measurement sensor through the transformer
neutral. A necessary step will be calibration of
the gradient installation for normal current in the
electric power system under study.

2. Study of large geological structures
and sedimentary basins based
on a comprehensive analysis
of geological and geophysical data

The importance of studying sedimentary
basins in the Russian Arctic is due to the large
reserves of minerals (primarily hydrocarbons) in
this region. The research results provide new
information for prospecting and exploration of
oil and gas fields in the continental part and on
the shelf in the Russian Arctic. Search,
exploration, and development of hydrocarbon

deposits require development of the necessary
transport infrastructure in the region at a sufficient
level. This section presents the results of studying
large geological structures, sedimentary basins
and geoinformation products built on their basis.
Undoubtedly, these results should be considered
in development and design of new transport
routes in the Russian Arctic, which are necessary
for implementation of projects both at the stage
of exploration of deposits and at the stage of their
operation.

The Mohorovichich (Moho) section is one of
the most important boundaries in the bowels of
the Earth, which is characterised by strong
changes in all physical parameters, therefore,
knowledge of the depths of the Moho section is
extremely important for many geophysical
models and for understanding the structure and
dynamics of the lithosphere. Direct data on the
Moho depth can only be obtained from seismic

Moo depth, km

Pic. 12. Original Moho depth map (top) and corrected
Moho map (bottom), depth from sea level [61] [prepared
with participation of the authors].
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surveys, the coverage of which is highly
heterogeneous, and in the eastern part of the
Russian Arctic, which is an extremely inaccessible
territory, they are practically absent. A new Moho
map was constructed for the eastern part of the
Russian Arctic (region 60-75° N, 110-190°
E) [54]. This region was chosen as the least
studied within the Russian Arctic, and therefore
is of particular interest. The map is based on the
joint inversion of various geophysical fields,
primarily the field of residual anomalies and
vertical gravity gradients. The original map [55]
was corrected according to these fields with
additional restrictions from several seismic
profiles. The new Moho model (Pic. 12(b)) has
been compared in detail with the original model
(Pic. 12(a)) and demonstrates some fundamental
features that were absent before.

Thus, in the new model, under the
Verkhoyansk Ridge, there is a lithospheric root
47 km deep compared to the relatively small
Moho depression in the original model.
A significant difference was found in the Moho
depth (from 25-40 to 38—45 km) in the northern
continental part of the study area and on the shelf.
We suggest that this thickening of the Earth’s
crust is related to underplating due to plume
activity that took place earlier. New information
was also obtained on the Moho depth in the water
area of the Chukotka microcontinent and under
the location of Anadyr-Koryak fold system.

The structure of sedimentary basins was
studied in the same East Asian Arctic zone. As
aresult of calculation of gravity decompensation
anomalies, a new sedimentary thickness model
for the eastern sector of the Russian Arctic [56]
was obtained, which demonstrates new significant
details about the structure, area, and density of
sedimentary basins in comparison with the results
of geological studies. In particular, new data on
the thickness of the sedimentary cover were
obtained for Zyryansk, Anadyr, Chaun, and other
sedimentary basins (Pic. 13).

For the circumpolar Arctic, a new model of
geothermal heat flow was obtained based on
inversion of seismic and magnetic data [57]. To
construct a new heat flow map for the region
under study, the catalogue of the International
Heat Flow Commission and two theoretical
predecessor models [58; 59] were used. Pic. 14
shows a comparison of compilation of the
original models (Pic. 14(a)) with the new model
(Pic.14(b)). The new map reveals some features
that have not been previously identified — in

particular, zones of increased heat flow in the
Bering Strait, the Chukchi Sea and a residual
anomaly in the Labrador Sea region associated
with the Paleogene-active Mid-Labrador Ridge.
An increase in heat flow in the ancient rift zone
that separates Eastern and Central Siberia is also
visible.

Also, models of the elastic characteristics of
the lithosphere were built — flexural stiffness (Pic.
15 (a)) and effective elastic power (Pic. 15 (b))
for the lithosphere throughout the Arctic zone of
Russia. In this study, we used the method for
determining the elastic parameters of the
lithosphere [60]. It is based on cross-spectral
analysis of data on the gravitational field and
near-surface load. An important addition
compared to previous works was the use of not
only topography data as a surface load, but also
the density inhomogeneities of the sedimentary
cover. A refined model of these inhomogeneities
was obtained in [56].

As a result of the work done, a collection of
geophysical fields for the Russian Arctic was
published [61], which includes the above-
described results of modelling the Arctic
lithosphere, as well as a number of data collected
from open sources (for example, sections of
seismic tomographic models of the Arctic before
the division between the upper and lower
mantle). In the course of research in this area,
the following digital data arrays were additionally
obtained:

* Gravitational effect of the crust and upper
mantle (gravitational field and its vertical
gradients).

* Residual «mantle» gravity anomalies
similar to vertical gradient anomalies and
residual topography (1°x1° resolution).

* Density model of the consolidated crust
(1°x1° resolution).

* Corrected upper mantle model: mean
density values for the Moho layers —75 km,
75-125, 125-175, 175-225, 225-275 and 275-
325 km on 1°x1° grids.

» Changes in density due to variations in
temperature and variations in mantle composition.

3. Assessment of seismic activity in the
Russian Arctic

The Russian Arctic today is a poorly studied
region in terms of seismic hazard assessments.
Estimates for different parts of this region in
some cases differ significantly from the real
situation [62]. At the same time, accounting for
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Pic. 13. The original sedimentary cover model (top, a)) and the new sedimentary cover model obtained using the decompensation anomaly
approach (bottom, b)). Red contours with numbers indicate the analysed sedimentary basins: 1 - Tastakhsky, 2 - Zyryansky, 3 - Primorsky, 4 -
Chaunsky, 5 - Penzhinsky, 6 - Pustoretsky, 7 — Anadyrsky [61] [prepared with participation of the authors].

bW By

Pic. 14. The original (left, A) and new (right, B) heat flow models for the circumpolar Arctic. Abbreviations denote:
SC - Siberian Craton; AP - Anabar Plateau; VO - Verkhoyansk orogen; SCO - Scandinavian Caledonian orogen;
LS - Labrador Sea [prepared with participation of the authors].
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Pic. 15. Maps of flexural stiffness (top) and effective elastic power (bottom) of the lithosphere of the Arctic zone
of the Russian Federation [prepared with participation of the authors].
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Pic. 16. GSR-97A map and calculated theoretical isoseisms [62].
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Pic. 17. Epicentre map of the ANSS catalogue of the aftershock sequence of the 2011 Tohoku earthquake.
Events missing in the JMA catalogue are shown in red [developed with participation of the authors].

seismic activity plays a critical role in operation,
planning and development of transport systems
in the region. In this regard, the task of creating
a system-analytical complex for recognising
signs of places of possible occurrence of
dangerous seismic and other geodynamic events
in the Arctic and calculating seismic hazard and
seismic risk for given territories and objects is
relevant. Particular attention is paid to the study
of such linear objects as railways, highways,
power lines and pipelines.

As an initial step in recognising zones of
possible occurrence of strong earthquakes in the

AZREF, a numerical comparison of the maps of
the General Seismic Zoning (GSR) [63] was
carried out with the impact from earthquakes that
actually took place after publication of the maps.
A comparison was made of the area of zones of
expected intensity on the GSR-97A map with the
area of isoseisms from actually occurred
earthquakes. The study showed that the isoseism
area is, on average, an order of magnitude smaller
than expected according to the GSR-97A map
(Pic. 16). Thus, in most regions of Russia,
assessment of seismic hazard on average can be
overestimated by at least 10 times. This
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observation is especially important for the
Russian Arctic, where, against the background
of a very weak actual seismic impact, significant
areas of the Kola Peninsula, the Novaya Zemlya
and Severnaya Zemlya archipelagos, the New
Siberian Islands, the Taimyr Peninsula, as well
as the north of Yakutia and Chukotka are assigned
to zones with an intensity of 6 and higher. In the
article [62], ways were proposed to improve
seismic hazard assessments necessary for
a systematic analysis of geophysical processes
in the Arctic.

In the process of preparing the most complete
catalogue of earthquakes in the Russian Arctic,
the authors and their colleagues identified
significant differences in the catalogues of the
International Seismological Centre (ISC) and the
Single Geophysical Service of the Russian
Academy of Sciences (EGS RAS). In this regard,
the ISC catalogue was supplemented with events
from the EGS RAS catalogue and other Russian
local sources. For this, an original algorithm for
combining earthquake catalogues was created,
the main task of which is to identify the resulting
duplicates and separate them from aftershocks.
The algorithm is based on the authorial
modification of the nearest neighbour method
[64; 65] for takes. Its ideological basis is the fact
that, unlike aftershocks, duplicates do not have
a causal relationship. For events from two
catalogues, a one-to-one correspondence is built,
after which the classification of earthquakes into
unique and duplicates is performed using the
Euclidean metric of the «Frolich typey». Thus, the
developed algorithm makes it possible to
automatically combine any number of earthquake
catalogues [66].

The efficiency of the algorithm was first
demonstrated by combining the ANSS (USGS)
and JMA (Japan Meteorological Agency)
catalogs of the aftershock sequence of the 2011
Tohoku earthquake (Pic. 17). Later in 2021-2022
the algorithm was developed and modified for
its direct application to AZRF data.

As aresult, for the first time in 2022, the most
complete integrated catalogue of earthquakes in
the eastern part of the Russian Arctic was created
[67] and two catalogues, in their unification
covering the entire western part of the Russian
Arctic: the integrated catalogue of the western
sector of the Russian Arctic and the catalogue of
the Gakkel Ridge [68]. All three authorial
catalogues are provided with their own single
magnitude scale. The catalogues of the western

sector of the Russian Arctic and the Gakkel Ridge
are divided into two sets ordered by time, since
their single magnitudes are mutually incompatible.

Pic. 18 shows the events from the created
combined catalogues for the western and eastern
sectors of the Russian Arctic, which integrate all
available seismic data from ISC, Russian
regional catalogues of the EGS RAS and
a number of other sources. The catalogue of the
eastern sector of the Russian Arctic (Pic. 18(b))
contains 23254 events for 19622020, of which
7781 are from ISC and 15473 are from Russian
sources [69]. For the created catalogue of the
western sector of the Russian Arctic (Pic. 18 (a))
the work was carried out to identify and remove
explosions and other events that are not
earthquakes. For the period 1998-2020, when all
such events were deleted with a high degree of
certainty, the catalogue contains 2126 entries. In
total, for the period 19632022, the catalogue
contains information on 4629 seismic events.
The Gakkel Ridge catalogue contains about
17000 events.

Further studies were related to the spatial
assessment of seismic activity using data from
the created earthquake catalogues. As a measure
of energy, the authorial modified magnitude
indicated above was used. For the eastern sector
of'the Russian Arctic, the values of the coefficients
of the Gutenberg-Richter law of repeatability
were calculated on a regular grid with a step of
0.1° in latitude and longitude. Pic. 19 (a) shows
a map of local values of the representative
magnitude. Based on these data, the boundaries
of'the region were determined, in which the value
Mc = 3.0 can be taken as a representative
magnitude. In the rest of the region, this value is
Mc=4.0.

The nearest neighbour method was used to
divide the catalogue into background and
dependent events. Further evaluation of
seismicity parameters was carried out using the
catalogue of background events. On a grid with
a step of 0.1° in latitude and longitude, the
seismic activity parameter a(m4) = log v was
calculated, where v is an estimate of the number
of earthquakes with a magnitude M > 4.0,
calculated considering the fractal dimension of
distribution of epicentres. As a result, maps of
variations in the slope of the recurrence plot
(b-value) (Pic. 19 (b)) and the seismic activity
parameter a(m6) = a(m4) — 2b (Pic. 19c) were
constructed. According to the method [70], the
productivity of each earthquake was calculated

®  World of Transport and Transportation, 2023, Vol. 21, Iss. 3 (106), pp. 154—182

Gvishiani, Alexey D., Rozenberg, Igor N., Soloviev, Anatoly A. Geophysical Processes
in the Arctic and the System Analysis of their Impact on Operation and Development

of the Transport Infrastructure




Pic. 18. Maps of the epicentres of the combined catalogues of the Russian Arctic: (a) the western sector for the period 1998-2020; (b) Eastern
sector for the period 1962-2020. Blue indicates earthquakes from the ISC catalogue, red indicates events from Russian and other sources
[compiled with participation of the authors].
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Pic. 19. Estimation of seismic activity in the eastern sector of the AZRF according to the integrated earthquake
catalogue of the AZRF [prepared with participation of the authors]:
(a) - map of the magnitude of the full registration of Mc for the period 1982-2020, built by the multiscale method (the polygon marks the area
where earthquakes with M 2 3.0 are used to calculate the seismicity parameters, earthquakes with M 2 4.0 are used in the rest of the territory);
(b) - variations in the slope of the recurrence plot (the values of b - value are tied to the average position of the earthquakes in the sample; R =
300 km, Nmin = 50 events; in places of low seismic activity, the regional value of the slope of the recurrence plot b = 0.924 is used);
(c) - seismic activity a(m6) on a logarithmic scale (variations in seismic activity for any magnitude level are calculated in accordance with the
local value of the slope of the recurrence graph a(M)=a(Mc) -b(M-Mc);
(d) - average productivity in circles with radius R = 300 km, DM = 1 (black circles mark the earthquake epicentres used to calculate
productivity).
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in the band of magnitudes DM = 1. As a result,
in circles with a radius of R =300 km, the values
of average productivity were calculated and
mapped (Pic. 19 (d)). This made it possible to
determine regional estimates of parameters of
the Omori-Utsu law, according to which a GIS-
oriented database was formed.

To model the seismic process in the region
under study, it is useful to use a synthetic
catalogue of earthquakes. Such a catalogue is
a new artificially created set of analogues of
seismic pseudo-events generated by analogy with
the records of a real catalogue. A synthetic
catalogue reproduces the main properties of
areal catalogue and is generated for an arbitrary
time interval. We have developed a method for
constructing a synthetic catalogue of earthquakes,
which is based on the synthesis of three groups
of approaches to assessment of geodynamic
hazard. The main idea of the method is the
assumption that the Gutenberg-Richter law is
fulfilled at the regional level, and possible local
deviations are compensated for by averaging over
the entire region. Therefore, times and magnitudes
of background events in the synthetic catalogue
are determined for the entire region, regardless
of their location. The parameters of pseudo-
events are generated in accordance with the
regional law of recurrence, and their location is
determined as a vector random variable with
a given spatial distribution depending on the
magnitude. The distribution is constructed for
each magnitude value based on local estimates
of the Gutenberg-Richter law.

Another important assumption is that the
strongest earthquakes occur in a limited number
of zones within the region under consideration.
To determine these zones, recognition methods
based on a system analysis of the region’s
earthquake catalogue, FCAZ recognition, were
used [71]. The latter study is of great independent
importance both for clarifying the seismic zoning
of the Russian Arctic and for orienting the
planning of construction of high-risk facilities,
including highways, sea and river ports, airports,
railway, and bus stations, etc.

Thirdly, aftershocks make a significant
additional contribution to the overall seismicity
and seismic hazard. The ETAS model [72] is used
as the basis for stochastic aftershock modelling.
In this model, the seismic regime is interpreted
as a superposition of sequences decreasing in
time according to the Omori-Utsu law. The
spatiotemporal variant of the ETAS model [73]

considers the power law of decrease in intensity
of aftershocks with distance from the epicentre
of the main shock. ETAS postulates that the
number of aftershocks for earthquakes of the
same magnitude is the same. However, the
recently established law of earthquake
productivity [70] refutes this postulate, at the
same time explaining the fact that the intensity
of the earthquake flux predicted for future time
intervals by the ETAS model is overestimated.
The applied method uses the ETAS-e model [70;
74], which additionally considers the law of
earthquake productivity. This model corrects the
main drawback of the ETAS model [74]. Using
this method, a synthetic catalogue of earthquakes
was prepared for a conditional period of 1000
years for the eastern sector of the Russian Arctic.

Recognition of the places of possible
occurrence of strong earthquakes with M > 5.5
in the eastern sector of the Russian Arctic was
performed using the above-mentioned FCAZ
algorithm [69; 75]. Earthquake epicentres from
the integrated earthquake catalogue of the
Russian Arctic were used as recognition objects
(Pic. 18 (b)). The choice of the magnitude
threshold, starting from which the epicentres
were used as objects of FCAZ-recognition, was
carried out on the basis of the analysis of
frequency graphs. The recognised FCAZ zones
are in good agreement with the location of the
epicentres of historical and instrumental strong
earthquakes (Pic. 20) and are mainly confined to
the boundaries of the Eurasian, North American,
and Sea of Okhotsk tectonic plates. In the zone
of contact of all three plates and the Sea of
Okhotsk with the North American, very large
FCAZ-zones were identified, containing half of
the strong earthquakes known in the region.
FCAZ zones are also recognised within the
Chersky Ridge, which is one of the main
geological structures in the region. A fairly large
number of instrumentally recorded strong
earthquakes are known within the boundaries of
this ridge [67].

4. Geoinformation support
for system analysis of geophysical
processes in the Russian Arctic

An effective tool for complex analysis and
combined visualisation of new geological and
geophysical data obtained about the Arctic region
are geographic information systems (GIS). It is
important that this provides high-level storage
of geographic objects using an object-relational

®  World of Transport and Transportation, 2023, Vol. 21, Iss. 3 (106), pp. 154—182

Gvishiani, Alexey D., Rozenberg, Igor N., Soloviev, Anatoly A. Geophysical Processes
in the Arctic and the System Analysis of their Impact on Operation and Development

of the Transport Infrastructure




=
120° E 130° E 140° E 150° E
@ DPS-kaacrepn © rFCAZ-sommi

160° E

Ipasnub TEKTOHNYECKHX ILANT

INHUEHTPBI IEMACT PHCEHNIT:

Mz5.0

® M=55

® Mz=60

Pic. 20. FCAZ zones of possible occurrence of earthquakes with M 2 5.5 in the eastern sector of the Russian Arctic and epicentres
of earthquakes with M 2 5.0. The map can be recommended for the use as a reference during further construction and operation
of transportation roads [developed with participation of the authors].

database management system. The use of modern
technologies of geoportals makes it possible to
provide interactive online access to the obtained
scientific results to a wide range of researchers.
High-quality visualisation is a powerful tool in
the field of modelling and systems analysis and,
as a result, becomes an important part of
processing and management of large amounts of
data.

The studies described in the previous sections
systematically generate new data in the following
major scientific areas: geomagnetism and space
weather, the structure of the earth’s crust, and
seismic activity. As they are received, a common,
integrated database of geospatial data on the
Russian Arctic is expanding. For example,
geothermal heat flow modelling data, calculated
as part of the study of the structure of the earth’s
crust in the Arctic, depth maps of the main
geological boundaries (Mohorovichich boundary,
upper mantle, sediment bottoms and lithosphere-
asthenosphere boundary) were added to the
database, which were used in the calculations of
this new model, the initial thickness of the
sedimentary cover, based on the compilation of
these models for water areas and land, the
effective elastic thickness of the lithosphere, the
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integrated catalogue of earthquakes in the
Russian Arctic, and many others.

Any auxiliary geological and geophysical
information involved in the course of research is
also included in the database. Such data, for
example, include data on geology (forecast
mineralogical map at a scale of 1:2500 000,
a geological map at a scale of 1:2500 000, a map
of the thickness of the sedimentary cover),
geodesy (a topographic map of the Russian
Federation at a scale of 1:1100 000); ETOPO
and GEBCO digital elevation models), hydrology
(maps of redistribution of snow volumes,
temporal variability of snow cover, groundwater
runoff, total river runoff, snow stock, river runoff
variations, meltwater runoff, potential ice cover,
establishment and melting of snow cover),
networks geophysical observations (maps of
distribution of observatories and stations of
geophysical observations), glaciology (maps of
the boundaries of permafrost, the degree of
glaciation of territories, the thickness of the ice
cover, the temperature regime in the permafrost
zone), mineral deposits (maps of large and unique
mineral deposits), soil science (maps of classes
and types of soils), geophysics (maps of the
Earth’s anomalous magnetic field; earthquake
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Anomalons component of the magnetic field, dTa, nT

Pic. 21. Fragment of the map of the anomalous component of the magnetic field, constructed according
to the model [76] with participation of the authors.

epicentres; geoid anomalies; gravity anomalies;
depths to the Mohorovichic surface; seismic
wave velocities, etc.), biogeography (maps of
swampy areas, vegetation, bioclimatic zones and
vegetation zones). As an example, Pic. 21 shows
GIS data layers on the Earth’s lithospheric
magnetic field according to the model of field
expansion in spherical harmonics up to the 1050
degree [76]. The model was built based on
magnetic field measurements from the CHAMP
and Swarm satellites, as well as data on near-
surface scalar anomalies obtained during local
marine and terrestrial surveys of the magnetic
field. The final data are presented for the entire
planet with a step of 0,1° in latitude and
longitude. The geodatabase includes information
about the anomalous magnetic field and its three
orthogonal components. For each of the
components there is a variant of the field at
a height of 0 kilometres, and recalculated to
a height of 5 kilometres.

Additionally, in the specified GIS-repository,
the section «Directions for development of the
Arctic» was created, containing spatial
information about the already created and
planned infrastructure facilities of the Russian
Arctic. The data layers presented in this section

were compiled in accordance with Decree of the
President of the Russian Federation of October
26, 2020, N 645 «Strategy for development of
the Arctic zone of the Russian Federation and
ensuring national security for the period up to
2035» and include transport facilities (ports,
airports, roads, and railways), energy facilities,
developing tourist facilities, objects of science
and education. Now, the database includes more
than 200 layers of geodata in 46 categories.
For wide access to the accumulated data, the
Arctic geoportal (https:/arctic-gis.gcras.ru/) with
an extensive user interface was developed and
continues to be developed. Among other things,
the following tools for interacting with spatial
data have been added to it: «Measuring
distances», which allows measuring the linear
distance between two or more objects, as well as
measuring the area of spatial objects;
«Coordinates», which allows clarifying the
coordinates of an object on the map; «Selection»,
which allows selecting a specific type of data
within one category, and also provides the output
of an attribute table containing only the type of
data that the user is interested in (Pic. 22).
The concept of interactive spherical
visualisations (ISV) is the study of planetary
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Pic. 22. General view of the interface of the geoportal «Arcticy: at the top — a map of the thickness
of the sedimentary cover and a call to the context menu with attributive information about the selected seismic station;
on the bottom — work with the attribute table of the layer with the catalogueof earthquakes in the Arctic. The list of available layers is shown in
the menu on the right [portal screenshots provided by the authors].

processes and phenomena and their representative
representation in an interactive form from
a variety of devices without the use of specialised
GIS tools. To date, ISV is being actively
developed within the framework of the «Digital
Earth» / «true-3D» paradigm in the areas of
hardware and software systems with a spherical
screen and virtual globes. At data.sph.gcras.ru,
apublic NAS-type file server was deployed based
on the open LINUX operating system
OpenMediaVault. The thematic data section for
the Russian Arctic is located at data.sph.gcras.
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ru/Arctic. The server provides an access to
structured source data for ISV clients via high-
level FTP and SMB application protocols online.
Additionally, the storage is an rsync server that
allows synchronising files and directories
according to a custom schedule. The prototype
of a single ISV geographic information system
was tested by playing spherical slides on ISV
network through client-server interaction
according to the principles of the developed
architecture. On the example of organising
thematic data on the Russian Arctic, the
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(b)

Pic. 23. Reproduction illustrations of ISV «Roads» and «Railways» presented using the ORBUS complex (a),
as well as ISV «Airports» and «Seaports» made using the ORBUS Web (b) [provided by the authors].

architecture (a set of directories, files and
principles of interaction with them) of the server
part of the ISV system was implemented. The
created file server organises single access to the
content storage system for geovisualisation
software technologies. The prototype of the ISV
single geographic information system was tested
by the ISV client applications developed at the
GC RAS: the ORBUS hardware-software
complex with a spherical projection screen (Pic.
23 (a)) and the ORBUS Web «virtual globe» web
application (Pic. 23 (b)).

DISCUSSION AND CONCLUSIONS

The most active manifestations of
geomagnetic disturbances are observed at auroral
latitudes [77; 78], therefore, these factors pose
a particular danger for safe operation of
technological systems in the Russian Arctic,

since the Russian Federation has the longest oil
and gas pipelines, power lines and transport
routes. Despite the exceptional importance of
such studies, the influence of geomagnetically
induced currents (GIC) on electric power systems
and on the reliability of electrical equipment is
still not considered in domestic regulatory
documentation. While most space weather
studies have focused on the impact on electrical
networks, much less attention has been paid to
disruption of the railway sector [79], although
the mechanism of this impact has not yet been
sufficiently studied [80].

At the same time, anomalies in train signalling
and control systems associated with this
phenomenon have been repeatedly documented
[81]. The results presented in this article confirm
that geomagnetic activity at high latitudes is
a significant cause that controls the occurrence
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of failures in operation of railway signal
automation [22]. The improvement of the
technical base, aimed at ensuring smooth
operation of railway signal, is accompanied by
an increase in complexity of the technological
infrastructure and leads to disappearance of some
effects and emergence of new ones. However,
the general physical cause of failures in operation
of signal automation, associated with excitation
of GIC in an extended conductor, cannot be
eliminated.

The operation of transport systems also
depends on other technologies potentially
affected by space weather, such as power supply,
communications, positioning, navigation and
time synchronisation systems. Since during
strong storms the impact of disturbances spreads
quite widely and is of a planetary nature, it is
necessary to coordinate efforts to predict space
weather and develop measures to mitigate direct
and indirect impacts of disturbances on systems
and services associated with operation of
transport systems [42].

The paper demonstrates that statistically
weaker, but frequent and prolonged geomagnetic
events generate more dangerous GIC, in contrast
to rare but strong geomagnetic storms. The key
factors affecting the GIC efficiency of these
events are their spatial scale, spectrum shape,
and polarisation. From the point of view of the
negative impact of GIC on power supply systems,
the geometry of the power transmission line and
its orientation in space are of key importance.
So, the greater is the length of a power line, the
more intense are the induced currents that arise
in it during geomagnetic activity, and this
circumstance, of course, must be borne in mind
when designing new networks. One solution,
which is being applied in a number of
Scandinavian countries, could be to split the
power lines into shorter segments.

For a full-scale scientific substantiation of
prevention of the negative impact of space
weather on electric power networks, it is
necessary to develop a GIC monitoring network.
The paper proposes a promising autonomous
installation based on gradient magnetometric
sensors, capable of remotely measuring GIC
excited in power lines. Based on the results of
statistical and correlation analysis, it is shown
that remote sensing of GIC in high-latitude power
lines by observing geomagnetic disturbances is
characterised by a relative error within 1,5 % of
the range of GIC values for the study period.

Thus, the introduction of such installations into
a high-latitude observing network will make
a significant contribution to the development of
a system for assessing possible negative effects
of space weather and a short-term forecast (for
0,5—1 hour) of the possibility of critical GIC
levels. Such a forecast can be used by operators
to take the necessary measures to reduce the risk
of catastrophic consequences.

Studies of spatial distribution of GIC sources
have shown that geographically they gravitate
towards the equatorial boundary of the auroral
oval, which makes it especially relevant to
predict the intensity of precipitation of high-
energy particles and the position of auroral oval
boundaries. Such a forecast is also extremely
important because the stronger is the disturbance,
the lower are latitudes to which the equatorial
boundary of the oval shifts. For these purposes,
an online system was developed (http://aurora-
forecast.ru) based on the OVATION-Prime
empirical mathematical model and GIS
technologies, which provides such a forecast with
a horizon of 30—70 min and an efficiency of more
than 86 %. In addition, the system performs
computer simulation of the instantaneous
position of the auroral oval and visualisation of
spatial distribution of retrospective data. When
displayed on a virtual globe, the studied
parameters are superimposed on a digital map of
main railway lines and other transport systems
in Russia.

The long-term and operational forecast of
availability of the required navigation
characteristics for the period of the helio-
geomagnetic disturbance is the most controversial
and complex area of GNSS modernisation. The
above information shows that extreme space
weather factors can cause significant degradation
of the quality of GNSS and their functional
additions.

The results obtained allow drawing the
following preliminary conclusions. The standard
procedure for compensating ionospheric
disturbances does not completely suppress
disturbances associated with geomagnetic
variations with periods from minutes to half an
hour (geomagnetic pulsations and bays).
A possible source of this phenomenon is
modulation of the electron density in the
ionosphere by charged particle fluxes, which, in
turn, are modulated by the field of the MHD wave
in the magnetosphere. This effect is height-
differential, particle energy-dependent, resulting
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in «undercompensation» when using standard
techniques for processing the apparent shift in
the position of the base station. The effect does
not occur for all geomagnetic pulsations of the
same amplitude and frequency. To resolve the
issue of practical significance of the detected
effect and feasibility of further research, it is
necessary to analyse variations in apparent
displacement of the position of the object,
determined by GNSS, taking into account the
number of satellites and speed of the receiver,
which is close to the real one.

New data on the thickness of the sedimentary
cover and the structure of sedimentary basins in
the most remote region of the continental Russian
Arctic — the northeastern part of the Russian
Federation — provide valuable information on the
structure and conditions for formation of
sedimentary rock strata in the region, including
those promising for prospecting and exploration
of mineral deposits. First of all, this is important
for the search for hydrocarbon deposits on the
shelf of the Arctic Ocean, as well as deposits of
various mineral raw materials in the continental
part of the Russian Arctic —coal deposits (Zyryansk
basin), building materials, etc. The presented new
models of the Moho section and the elastic
parameters of the lithosphere also make it possible
to refine data on the geological and tectonic
structure of the territory and its development,
including formation of mineral deposits in
individual geological structures. The heat flow
map compiled not only for the Russian Arctic, but
for the entire circumpolar Arctic, is informative
in terms of assessing the oil and gas content of the
Russian Arctic and studying the thermal field of
specific geomorphological structures associated
with mantle degassing zones. Also, this map is
useful for assessing the dynamics of water
resources of ice sheets.

The obtained results of assessing the state of
the lithosphere (both of the region as a whole and
individual structures) are important geological and
geophysical information that must be considered
when designing and developing transport
infrastructure in the Russian Arctic. Maps of the
gravity field, the thickness of the sedimentary
cover and the structure of sedimentary basins, and
elastic parameters of the lithosphere provide
comprehensive information about its geological
structure, geodynamic conditions, and stress
zones. These data are necessary for comprehensive
assessment of suitability of the geological
environment for design of railways, roads,

airfields, and seaports, as well as pipelines and
communication and power lines in the Russian
Arctic. The heat flow map is informative in terms
of assessing engineering-geological and
environmental risks during construction and
laying of highways in permafrost areas, as well as
for predicting possible sea level changes due to
glacier melting, which is important when
designing seaports. The results obtained, both in
combination and separately, are of high practical
importance for development of the Russian Arctic
region and its development.

The presented results on assessment of seismic
hazard in the Russian Arctic are of strategic
importance. The FCAZ-zones constructed for the
eastern sector of the Russian Arctic define spatial
regions within which the occurrence of epicenters
of earthquakes with magnitude M >5,5 is possible
in the past, present, or future. In the identified
zones marked in red-green colour (FCAZ-zones)
in Pic. 20, special attention should be paid to safe
operation of existing and yet planned new
transport routes and facilities. These include the
Northern Latitudinal Railway currently under
construction in the Yamalo-Nenets Autonomous
District. Increased attention in contoured areas
should be paid to the seismic resistance of
construction of new highways, sea and river ports,
airports, railway infrastructures, etc. Special
monitoring complexes should be created in the
identified seismic zones that will provide reliable
communication of the above transport
infrastructure facilities with decision-making
centres of the Ministry of Transport, Russian
Railways, Aeroflot Russian Airlines, and the
Ministry of Emergency Situations.

From the point of view of the seismological
aspect of the studies performed, it should be noted
the unprecedented importance of creating an
integrated earthquake catalogue of the Russian
Arctic, single in magnitude, implemented in the form
of three independent information products: the
integrated catalogue of the eastern part of the Russian
Arctic, an integrated catalogue of the western part of
the Russian Arctic, and an integrated catalogue of
the Gakkel Ridge zone. The original method of
integrating the catalogues of earthquakes of various
agencies, which was created, can be considered as
a significant advance in the part of seismology
dedicated to the cataloguing of seismic events. The
created method of system analysis is a significant
contribution to development of geoinformatics.

Over the previous decades, the efforts of
industrial organisations, research institutes and
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government agencies in Russia and abroad have
accumulated significant arrays of spatial geological
and geophysical information on the Arctic region.
In recent years, this process has been significantly
intensified with expansion of the observational
network and the launch of specialised spacecraft,
for example, the Arktika-M satellite [82]. Modern
geoinformation systems allow efficient collection,
storage, and intelligent analysis of spatial data in
various disciplines in the field of earth sciences
(e. g.[83; 84)).

To systematically analyse the impact of
geophysical processes on the state and sustainable
development of transport infrastructure in the
Arctic, geoinformation methods and technologies
for collecting, analysing, forecasting and
presenting geological, geophysical and climatic
data in the region are being developed. To create
such a GIS, a client-server approach was chosen,
implemented in the form of a thematic geoportal
for user interaction with spatial information,
a server part that operates the entire system, and
a geodatabase that stores spatial information. In
this model, the geodatabase combines information
from various disciplines in geology, geophysics,
and climatology.

In the course of studying the electromagnetic
processes of the near-Earth environment and the
effects of space weather on technological systems,
data from a global high-precision model of the
Earth’s lithospheric magnetic field were included
in the GIS database. Data on the lithospheric
magnetic field are used in solving problems of
navigation through the physical fields of the Earth.
As part of the study of large geological structures
and sedimentary basins, based on a comprehensive
analysis of the gravity field and other geological
and geophysical characteristics, data were
collected on the detailed structure and properties
of the Earth’s lithosphere in the Russian Arctic
region. The data collected in GIS reflect the
complex dynamic processes taking place in the
earth’s crust, which must be considered in
development of engineering infrastructure in the
region. In the course of studies on assessment of
seismic and other geodynamic hazards in the areas
of promising development of the transport
infrastructure of the Russian Arctic, the GIS
included the most complete integrated catalogue
of earthquakes necessary for spatial assessment
of seismic activity.

When creating a GIS for the Russian Arctic,
special attention is paid to the study of climatic
processes that are critical for development of

transport infrastructure in the region. Based on
the data of long-term measurements of main
climatic parameters (air temperature near the
surface, soil temperature, total precipitation,
wind speed near the earth’s surface, soil moisture
content, air humidity, snow cover thickness,
change in the level of inland waters, etc.),
relevant thematic maps and diagrams were built
in GIS environment. Joint analysis of a wide
range of climate data in a GIS environment
makes it possible to assess the impact of current
climate changes on transport infrastructure
facilities (for example, permafrost thawing,
increase in flood zones during seasonal floods).
Thus, the formed database of spatial data, as well
as a wide range of GIS tools for their analysis,
is an important tool for assessing negative factors
of the impact of various geophysical processes
on the development of transport infrastructure in
the Russian Arctic.
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